Verghese, G. M., L. B. Ware, B. A. Matthay, and M. A. Matthay. Alveolar epithelial fluid transport and the resolution of clinically severe hydrostatic pulmonary edema. J. Appl. Physiol. 87(4): 1301-1312.-To characterize the rate and regulation of alveolar fluid clearance in the uninjured human lung, pulmonary edema fluid and plasma were sampled within the first 4 h after tracheal intubation in 65 mechanically ventilated patients with severe hydrostatic pulmonary edema. Alveolar fluid clearance was calculated from the change in pulmonary edema fluid protein concentration over time. Overall, 75% of patients had intact alveolar fluid clearance (Ն3%/h). Maximal alveolar fluid clearance (Ն14%/h) was present in 38% of patients, with a mean rate of 25 Ϯ 12%/h. Hemodynamic factors (including pulmonary arterial wedge pressure and left ventricular ejection fraction) and plasma epinephrine levels did not correlate with impaired or intact alveolar fluid clearance. Impaired alveolar fluid clearance was associated with a lower arterial pH and a higher Simplified Acute Physiology Score II. These factors may be markers of systemic hypoperfusion, which has been reported to impair alveolar fluid clearance by oxidantmediated mechanisms. Finally, intact alveolar fluid clearance was associated with a greater improvement in oxygenation at 24 h along with a trend toward shorter duration of mechanical ventilation and an 18% lower hospital mortality. In summary, alveolar fluid clearance in humans may be rapid in the absence of alveolar epithelial injury. Catecholamineindependent factors are important in the regulation of alveolar fluid clearance in patients with severe hydrostatic pulmonary edema.
SEVERE HYDROSTATIC pulmonary edema is an important cause of acute respiratory failure that occurs in a variety of clinical settings, including chronic congestive heart failure, acute myocardial infarction, and intravascular volume overload. Resolution of pulmonary edema depends on the clearance of fluid from the alveolar space, a process that requires an intact, functional alveolar epithelium (27, 39) . The primary driving force for alveolar fluid clearance is the active transport of sodium from the alveolar space to the interstitium by alveolar epithelial type II cells (4, 17, 26, 36) . As a result, water is passively transported through specialized water channels, the aquaporins, which are probably located primarily on alveolar epithelial type I cells (15, 38) . The rate of alveolar fluid clearance has been measured experimentally in several species (4-6, 25, 30, 56) . However, in humans, the rate of alveolar fluid clearance has only been measured in the ex vivo human lung (54) . The maximal capacity of the uninjured human lung to transport alveolar edema fluid is unknown. Furthermore, extrapolation from ex vivo preparations may underestimate the in vivo alveolar fluid clearance capacity by as much as 50% (4, 30, 53) , thus emphasizing the need for in vivo measurements of alveolar fluid clearance.
The factors that regulate alveolar fluid clearance also have been studied in experimental models. Alveolar fluid clearance can be increased by a number of mechanisms, including catecholamine-dependent and -independent pathways (36, 38) . Exogenous administration of ␤ 2 -agonists increases alveolar fluid clearance in several species (5, 6, 13, 25, 30, 35, 59) , including the ex vivo human lung (53) . Endogenous catecholamines also increase alveolar fluid clearance in several models, including acute left atrial hypertension in sheep (9) , neurogenic pulmonary edema in dogs (32) , and shortterm shock in rats (48, 49) . The catecholamineindependent mechanisms that upregulate alveolar fluid clearance include growth factors (8, 23, 58, 62) , cytokines [tumor necrosis factor-␣ (TNF-␣)] (50), dopamine (3), alveolar epithelial type II cell hyperplasia (22, 62) , and glucocorticoids (21) . However, the relative contribution of these catecholamine-dependent and -independent pathways to regulation of alveolar fluid clearance in humans with hydrostatic pulmonary edema is unknown. Furthermore, although there has been speculation regarding the clinical utility of accelerating alveolar fluid clearance with exogenous ␤-agonists (6, 38, 53, 54, 59) , no one has studied the in vivo effects of ␤-adrenergic stimulation on alveolar fluid clearance in humans.
To gain insight into the resolution phase of clinical hydrostatic pulmonary edema, we studied 65 mechanically ventilated patients with severe hydrostatic pulmonary edema. The first objective was to determine the rate of alveolar fluid clearance in patients with severe hydrostatic pulmonary edema by serial sampling of undiluted pulmonary edema fluid. The second objective was to test the hypothesis that catecholamine-dependent mechanisms can upregulate alveolar fluid clearance in humans. The third objective was to study other catecholamine-independent factors that could modulate net alveolar fluid clearance, including medications such as glucocorticoids, hemodynamics, mechanical ventilation, and the underlying clinical cause of hydrostatic pulmonary edema. The final objective was to determine whether the presence of intact alveolar fluid clearance is associated with better clinical outcomes in critically ill patients with hydrostatic pulmonary edema.
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METHODS

Patient selection.
Patients with acute hydrostatic pulmonary edema were identified prospectively from patients admitted to the intensive care units of Moffitt-Long Hospital, University of California, San Francisco, and San Francisco General Hospital between 1985 and 1998. Inclusion criteria included acute respiratory failure requiring mechanical ventilation and aspirable pulmonary edema fluid from at least two time points within the first 4 h after endotracheal intubation. The definition of acute hydrostatic pulmonary edema was based on standard clinical criteria (1) and the presence of a transudative pulmonary edema fluid with an initial ratio of edema fluid to plasma protein of Ͻ0.65 (18, 39) . The clinical diagnosis of hydrostatic pulmonary edema was confirmed by detailed review of patient records and chest radiographs by two of the authors (G. M. Verghese and L. B. Ware). Specific criteria used to define hydrostatic pulmonary edema included central venous pressure (CVP) Ն14 mmHg, pulmonary arterial wedge pressure (PAWP) Ն18 mmHg, or a cardiac ejection fraction Յ45% by echocardiogram, radionuclide, or contrast ventriculography, and/or positive physical findings, including a third heart sound and jugular venous distension. Patients with a possible cause for acute lung injury were excluded, including those with sepsis, aspiration of gastric contents, or pneumonia. This study was approved by the Committee for Human Research at the University of California, San Francisco.
Sampling of pulmonary edema fluid. Pulmonary edema samples were collected by trained respiratory therapists or physicians under the supervision of the authors as previously described (39) ; this method has been well validated experimentally compared with alveolar fluid obtained by micropuncture (5, 6) . Briefly, a soft 14-Fr-gauge suction catheter was advanced into a wedged position in a distal bronchus via the endotracheal tube. Pulmonary edema fluid was collected in a suction trap by gentle suction. Simultaneous plasma samples were obtained by venipuncture or aspiration from an indwelling venous catheter. Pulmonary edema fluid was then centrifuged at 14,000 g for 20 min, and plasma samples were centrifuged at 3,000 g for 10 min. The supernatant was aspirated and stored at Ϫ70°C. In some cases, plasma and pulmonary edema fluid were stored at 4°C before centrifugation, usually for Ͻ4 h but occasionally for up to 24 h.
Measurement of protein concentration in edema fluid and plasma. The total protein concentration was measured in edema fluid and plasma specimens in duplicate by the biuret method as previously described (39) . If edema fluid volume was insufficient for measurement by the biuret method (Ͻ1% of samples), the total protein concentration was measured by refractometry.
Calculation of rate of alveolar fluid clearance. The rate of alveolar fluid clearance was calculated as the percentage of alveolar fluid volume reabsorbed per hour, as described and validated in prior clinical and experimental studies (6, 30, 38, 39) . Briefly, on the basis of the observation that removal of protein from the alveoli is very slow relative to the rate of removal of liquid, the percentage of alveolar edema fluid volume reabsorbed may be estimated by the following equation Percent alveolar fluid clearance
Categories of alveolar fluid clearance. Extrapolation from studies in the ex vivo human lung was used to define three categories of alveolar fluid clearance: impaired, submaximal, and maximal. Previous studies suggested that alveolar fluid clearance rates measured in in vivo lungs are approximately twice the ex vivo rates of clearance in the same species (24, 30, 53) . Because maximal clearance in the terbutaline-stimulated ex vivo human lung was 7%/h (54), maximal alveolar fluid clearance was defined as greater than two times that rate, or Ն14%/h. Submaximal alveolar fluid clearance was defined as greater than the basal rate (Ն3%/h) in the ex vivo preparation (54) to two times the stimulated rate (Ͻ14%/h), and impaired clearance as less than the basal rate (Ͻ3%/h). For most analyses, the submaximal and maximal groups were combined into one group, labeled as intact clearance (Ն3%/h).
Epinephrine assays. Plasma epinephrine concentrations were measured in stored plasma samples by standard highperformance liquid chromatography techniques as previously described (49) . Several studies have reported that catecholamine levels in plasma or urine remain stable during prolonged storage at Ϫ20°C (42, 47, 63) . The stability of catecholamines during storage at 4°C was confirmed by measuring epinephrine levels in blood samples from normal volunteers after the addition of epinephrine to a concentration of 20,000 pg/ml. Declines in epinephrine concentrations during storage at 4°C, compared with specimens that were centrifuged, frozen, and stored immediately, were only 1.9 Ϯ 1.7% in plasma stored for 24 h at 4°C and 8.4 Ϯ 3.4% in whole blood stored at 4°C for 24 h.
Measurements of epinephrine were made coincidently with pulmonary edema fluid sampling. Plasma epinephrine was measured in samples collected from 10 intervals in each of 3 categories of alveolar fluid clearance rate: maximal (Ն14%/h), submaximal (Ն3%/h, Ͻ14%/h), and impaired (Ͻ3%/h). Reported epinephrine concentrations reflect the average of the plasma epinephrine levels at the beginning and end of each sampling period. In a few patients, levels of epinephrine were measured in pulmonary edema fluid by using the same methods.
Clinical data. Clinical data were obtained from the medical record by using a standardized data-collection form. Demographic data included age, gender, race, and smoking history. Physiological variables recorded included hemodynamic parameters (PAWP, CVP, systolic, diastolic, and mean arterial blood pressures, heart rate, cardiac output, systemic vascular resistance, and left ventricular ejection fraction); respiratory and ventilatory parameters [arterial pH, PO 2 , PCO 2 , alveolararterial PO 2 difference, arterial PO 2 -to-inspiratory O 2 fraction ratio, tidal volume, minute ventilation, positive end-expiratory pressure (PEEP), peak inspiratory pressure, and static compliance]; and multiorgan system function (measurements of renal, hepatic, central nervous system, gastrointestinal, and hematologic function, net fluid balance, and weight). Left ventricular ejection fraction was classified as normal or mildly decreased (Ͼ45%), moderately decreased (35-45%), or severely decreased (Ͻ35%) on the basis of results of echocardiography, or radionuclide or contrast ventriculography. In addition, medications administered during the period of edema fluid collection were recorded, including vasoactive agents, inhaled ␤-agonists, ␤-antagonists, digoxin, diuretics, systemic glucocorticoids, antiarrhythmic agents, and narcotics.
The Simplified Acute Physiology Score II (SAPS II) and the Lung Injury Score (LIS) were calculated as before (10, 61) , according to the published algorithms (33, 43) , during the 24-h period beginning at the time of initial edema sampling. The LIS is a four-point score based on oxygenation, level of PEEP, static thoracic compliance, and chest radiographic findings (43) . In the 10 patients in whom chest radiographs were not available, the chest radiographic score was omitted from the calculation of the LIS; changes in the chest radiographic score contribute very little to changes in the LIS over time (11) . The primary etiology of pulmonary edema was assessed on the basis of a detailed review of the medical chart and was classified as acute exacerbation of chronic congestive heart failure, acute myocardial infarction, or volume overload. Outcome variables included days of intensive care, death before hospital discharge, and days of unassisted ventilation during a 28-day period, as previously described (1) .
Data analysis. Data were managed by using Microsoft Excel 5.0 (Microsoft, Redmond, WA). Statistical analysis was done by using SPSS 6.1.1 for Macintosh (SPSS, Chicago, IL). Continuous variables were compared by using Student's t-test or analysis of variance, and multiple comparisons were analyzed by the Student-Newman-Keuls test. Categorical variables were compared by 2 analysis. Nonparametric data were analyzed by using the Mann-Whitney U-test or the Kruskal-Wallis test with Dunn's test for multiple comparisons. Statistical significance was defined as P Յ 0.05. All data are reported as means Ϯ SD unless otherwise noted.
RESULTS
Patient characteristics.
Sixty-five mechanically ventilated patients with severe hydrostatic pulmonary edema were studied in the first 4 h after endotracheal intubation and mechanical ventilation. A summary of demographic and clinical data is shown in Table 1 . The majority of patients had pulmonary edema because of exacerbation of chronic congestive heart failure, acute myocardial infarction, and volume overload or diastolic dysfunction. The mean initial edema fluid-to-plasma protein ratio was 0.47 Ϯ 0.10, consistent with pulmonary edema of hydrostatic origin. Notably, the overall severity of illness was quite high, as evidenced by the high SAPS II scores and the overall hospital mortality rate of 31%. The average LIS of 2.9 Ϯ 0.6 is comparable to scores reported in patients with severe acute lung injury (10, 61) .
Alveolar fluid clearance. All 65 patients had at least 2 pulmonary edema fluid samples obtained during the first 4 h after intubation and mechanical ventilation.
Alveolar fluid clearance was measured from the change in protein concentration between the first and last samples taken within these first 4 h. The range of observed rates of alveolar fluid clearance was from a minimum of 0%/h (no net alveolar fluid clearance) to a maximum of 61%/h. Overall, mean alveolar fluid clearance in the first 4 h was 13%/h. To analyze the data for clinical variables that might be associated with the rate of alveolar fluid clearance, patients were classified into two categories: intact alveolar fluid clearance (Ն3%/h) and impaired alveolar fluid clearance (Ͻ3%/h). The threshold of 3%/h was based on the basal rate of clearance measured in the ex vivo human lung (54) . A total of 75% of patients had intact alveolar fluid clearance, and 25% had impaired alveolar fluid clearance ( Fig. 1) . For some analyses, the group with intact clearance was further broken down into a group with submaximal clearance (Ն3, Ͻ14%/h) and maximal clearance (Ն14%/h), as described in METHODS. In the maximal group, 38% of the patients (n ϭ 25) had a mean rate of alveolar fluid clearance of 25 Ϯ 12%/h (Fig. 2) . Overall, 37% of the patients (n ϭ 24) fell into the submaximal group, with a mean alveolar fluid clearance of 8 Ϯ 3%/h.
To determine whether a rise in plasma protein could account for any of the observed alveolar fluid clearance, plasma protein concentrations were compared at the beginning and end of each time interval over which alveolar fluid clearance was measured. In the patients with intact alveolar fluid clearance, mean plasma protein was 5.6 Ϯ 1.7 g/dl at the time of the initial edema fluid sample and was 5.7 Ϯ 1.5 g/dl at the time of the final edema fluid sample, a nonsignificant difference. Similarly, in the patients with impaired alveolar fluid clearance, mean plasma protein was 6.3 Ϯ 1.7 g/dl at the time of the initial edema fluid sample and 5.8 Ϯ 1.4 g/dl at the time of the final edema fluid sample, also a nonsignificant difference. Thus changes in the transvascular osmotic pressure did not appear to influence the rate of alveolar fluid clearance in these patients.
Relationship between baseline clinical characteristics and alveolar fluid clearance. A univariate analysis was done to evaluate the association of selected clinical and demographic parameters with the presence or absence of alveolar fluid clearance (Table 2) . Demographic factors such as age, gender, and smoking status were not different between the impaired and intact alveolar fluid clearance groups. There was a trend toward an association of race (Caucasian) with intact alveolar fluid clearance (P ϭ 0.11). LIS, the initial edema fluid-to-plasma protein ratio, and the maximum temperature during the first 24 h were not associated with intact or impaired clearance. Interestingly, there was a trend toward higher clearance rates in patients with chronic congestive heart failure. As shown in Table 2 , 35% of patients with intact alveolar fluid clearance had chronic congestive heart failure compared with only 13% of patients with impaired clearance, although the difference did not reach statistical significance because of the relatively small number of patients in the congestive heart failure group (n ϭ 19). Expressed another way, 89% of chronic congestive heart failure patients (17 of 19) had intact clearance vs. only 69% of patients with hydrostatic edema from other causes (31 of 45) (P ϭ 0.12).
Plasma epinephrine levels. Because experimental studies have demonstrated that endogenous catecholamines can upregulate alveolar fluid clearance, plasma epinephrine levels were measured in a subset of 30 patients. Plasma epinephrine concentrations were measured in stored plasma samples paired with initial and final edema fluid specimens from 10 patients randomly selected from each category of alveolar fluid clearance (maximal, submaximal, and impaired). Average interval epinephrine concentrations in the plasma ranged from 99 to 19,170 pg/ml (10 Ϫ12 to 10 Ϫ7 M). Reported maximum plasma epinephrine concentrations in unstressed, supine, normotensive control human subjects are ϳ100-150 pg/ml (51) . There were no significant differences in the plasma epinephrine levels in relationship to the rates of alveolar fluid clearance (Fig. 3) . Similarly, there was no threshold level of plasma epinephrine that differentiated patients with impaired alveolar fluid clearance rates from those with maximal or submaximal rates of fluid clearance. When the administration of exogenous catecholamines (dobutamine or inhaled ␤ 2 -agonists) was considered along with endogenous epinephrine levels, there was still no correlation with alveolar fluid clearance (data not shown). Furthermore, 2 of 10 patients with alveolar clearance rates Ͼ14%/h had plasma epinephrine levels within the normal range, and the patient with the highest measured plasma epinephrine level had no detectable alveolar fluid clearance (Fig. 3) .
Pharmacological agents. The effect of vasoactive medications on alveolar fluid clearance, including those causing ␤-adrenergic stimulation or blockade and inhaled ␤-agonists, was evaluated. Medications with potential effects on a variety of ion channels or transporters, such as digoxin, diuretics, cardiac antiarrhythmic agents, and exogenous glucocorticoids, were also studied. The results are summarized in Tables 3 and 4 .
Although nearly twice as many patients in the group with intact alveolar fluid clearance received an inhaled ␤-agonist compared with the group with impaired clearance, this difference did not reach statistical significance. A power calculation revealed that this study had a power of only 0.10 to detect the observed ␤-agonist effect because of the small number of patients (n ϭ 13) that received inhaled ␤-agonists (Table 3) . However, the overall positive predictive value for alveolar fluid clearance associated with inhaled ␤-agonists was 85% (11/13). There was no association between intravenous dobutamine, which also has ␤-agonist activity, and alveolar fluid clearance. Although some experimental data suggest that both dopamine or glucocorticoids can augment alveolar fluid clearance (3, 21) , there was also no significant association between treatment with dopamine and the presence of intact alveolar fluid clearance in this study (Table 4) .
Twenty-three percent of the patients in the group with intact alveolar fluid clearance received digoxin, an inhibitor of Na ϩ -K ϩ -ATPase, whereas no patient in the group with impaired clearance received this medication (P ϭ 0.05). Because of the association noted above between chronic congestive heart failure and intact alveolar fluid clearance, the patients receiving digoxin were categorized by cause of hydrostatic pulmonary edema. Of the 11 patients who received digoxin, 9 had chronic congestive heart failure, suggesting that the association with intact alveolar fluid clearance may have been related more to the underlying cause of pulmonary edema than to the pharmacological effect of digoxin.
Cardiac and hemodynamic indexes. Several indexes of cardiac function and hemodynamic measurements were tested for an association with the presence or absence of intact alveolar fluid clearance. A total of 75% (49 of 65) of the patients had objective measurement of cardiac function by echocardiography or radionuclide or contrast ventriculography within 48 h of pulmonary edema fluid sampling. Of these patients, 35% had normal or mildly decreased left ventricular function, 30% had moderately severe left ventricular dysfunction, and 35% had severely decreased left ventricular function. There was no significant difference in the distribution of ejection fractions between the group with intact alveolar fluid clearance and the group with no detectable alveolar fluid clearance (Table 5) .
CVP was measured in a total of 27 patients, whereas 11 patients had measurement of PAWP. As shown in Table 5 , there was no association between a decline in Values for alveolar fluid changes are expressed as n/total (%), where n is the no. of subjects. * Note 85% positive predictive value for intact alveolar fluid clearance with ␤-agonist therapy (11/13). Values of alveolar fluid clearance are expressed as n/total (%), where n is the no. of subjects. Fig. 3 . Plasma epinephrine levels are not associated with rate of alveolar fluid clearance in patients with hydrostatic pulmonary edema. Box plot summary of mean plasma epinephrine level in patients with impaired, submaximal, or maximal alveolar fluid clearance. There were 10 patients tested in each of the 3 groups. Each box encompasses 50% of data; horizontal line, median; error bars encompass 80% of data. x, Outliers; k, mean. P ϭ not significant between groups. A total of 9 of 11 patients had an initial PAWP Ͼ18 mmHg; of these 9 patients, 7 (78%) had intact alveolar fluid clearance with a mean clearance rate of 8 Ϯ 7%/h.
Effect of mechanical ventilation on alveolar fluid clearance. To determine whether the mode of mechanical ventilation was associated with rate of alveolar fluid clearance, the average PEEP and tidal volume per kilogram during the 4-h sampling period were compared between the group of patients with intact alveolar fluid clearance and those with no detectable alveolar fluid clearance. As shown in Fig. 4 , there was no difference in level of PEEP or tidal volume between the two groups. Similarly, there was no difference between the two groups in the use of volume-controlled vs. pressure-controlled ventilation (data not shown).
SAPS II and acidosis. Interestingly, mean arterial pH at the time of edema fluid sampling was 7.21 Ϯ 0.2 in the group with impaired clearance compared with 7.31 Ϯ 0.1 in the group with intact alveolar fluid clearance (P ϭ 0.02). In addition, SAPS II values were significantly higher in the patients with impaired clearance (50 Ϯ 18) compared to those with intact clearance (40 Ϯ 16, P ϭ 0.04). Because both low arterial pH and a high SAPS II may be markers of poor systemic perfusion, the lowest systolic blood pressure in the first 24 h was also compared with alveolar fluid clearance. In the group with impaired alveolar fluid clearance, the lowest systolic blood pressure was 106 Ϯ 50 mmHg, compared with 98 Ϯ 39 mmHg in the group with intact clearance (P ϭ 0.54).
Mortality, duration of mechanical ventilation, and improvement in oxygenation.
Relevant clinical outcomes are summarized in Table 6 . The group of patients with intact alveolar fluid clearance had an in-hospital death rate of 26% compared with 44% in the group with impaired clearance, a difference of 18%. Because this finding did not reach statistical significance (P ϭ 0.20), a power calculation was done; this study had a power of only 0.25 to detect the observed 18% reduction in mortality. Interestingly, the median duration of unassisted ventilation in the intact clearance group was almost three times longer than in the group of patients with impaired alveolar fluid clearance, with a median of 23 days vs. 8 days in the impaired clearance group (P ϭ 0.10). In addition, greater improvements in oxygenation at both 4 and 24 h were observed in the group with intact alveolar fluid clearance. The improvement in alveolar-arterial oxygen difference at 24 h achieved statistical significance (P ϭ 0.03).
DISCUSSION
This study investigated alveolar fluid clearance in 65 mechanically ventilated patients with severe hydrostatic pulmonary edema. The primary objectives were to characterize human alveolar fluid clearance in the absence of injury to the alveolar epithelium and to investigate the role for catecholamine-dependent and -independent mechanisms in regulating alveolar fluid clearance in patients with hydrostatic pulmonary edema. The major findings can be summarized as follows. First, alveolar fluid clearance was intact in 75% of patients (Fig. 1) . Maximal clearance (Ն14%/h) occurred in 38% of the patients (Fig. 2) , indicating that, in the absence of alveolar epithelial injury, alveolar fluid clearance in humans can be very rapid. Second, Values of change in alveolar-arterial oxygen difference at 4 and 24 h are means Ϯ SD. elevated levels of endogenous catecholamines (epinephrine) were not associated with intact alveolar fluid clearance (Fig. 3) , although administration of inhaled ␤-agonist had an 85% positive predictive value for the presence of intact alveolar fluid clearance. Third, patients with chronic congestive heart failure tended to have faster rates of alveolar fluid clearance than those with pulmonary edema from other causes, indicating that chronic left atrial hypertension may upregulate alveolar fluid clearance (Table 2) . Fourth, the degree of cardiac dysfunction was not clearly related to the capacity of the alveolar epithelium to remove alveolar edema fluid (Table 5) . Fifth, a low arterial pH was associated with impaired alveolar fluid clearance, suggesting that systemic hypoperfusion may contribute to downregulation of alveolar fluid clearance in some patients with severe hydrostatic pulmonary edema. Finally, intact alveolar fluid clearance was associated with more rapid improvement in arterial oxygenation, with trends toward improved mortality and shorter duration of mechanical ventilation ( Table 6) .
Rate of alveolar fluid clearance in hydrostatic pulmonary edema. The first objective of the study was to characterize alveolar fluid clearance in patients with alveolar edema without overt evidence of injury to the alveolar epithelium. Patients with a hydrostatic cause for pulmonary edema were selected on the basis of strict clinical criteria; those with any clinical evidence of a cause for acute lung injury such as sepsis, aspiration, or pneumonia were excluded. Prior morphometric studies in acute experimental hydrostatic edema have shown no clear evidence of alveolar epithelial injury (in the absence of severe hydrostatic stress), with normal cell morphology, intact intercellular junctions, and intact alveolar epithelial and endothelial basement membranes (12, 14) . In the present study, the mean initial edema fluid-to-plasma protein ratio, a measure of permeability of the alveolar capillary barrier (27, 39) , was 0.47 Ϯ 0.10, confirming that pulmonary edema occurred in this patient population as a result of hydrostatic forces rather than increased permeability. Remarkably, 75% of the patients had intact alveolar fluid clearance despite the presence of severe pulmonary edema. The group of patients with maximal alveolar fluid clearance comprised over one-third (38%) of the population and had a mean alveolar fluid clearance rate of 25 Ϯ 12%/h. Furthermore, there was no evidence that a change in plasma protein contributed to the clearance of fluid from the alveolar space. Thus the maximal capacity of the uninjured human lung to actively transport alveolar edema fluid is much higher than previously estimated from ex vivo studies, confirming that ex vivo studies can significantly underestimate in vivo alveolar fluid clearance rates.
The method used to measure alveolar fluid clearance in the present study has been validated in a prior clinical study (39) . However, because the measurement of alveolar fluid clearance is made in the presence of preexisting pulmonary edema, rather than by instilling a protein-containing solution into the lung as is done in animal studies, there are some limitations to this approach. The most obvious limitation is that the total volume of pulmonary edema is not known. Thus, although the clearance is expressed as the percentage of total edema fluid cleared per hour, the absolute volume cleared cannot be calculated and could differ significantly among patients. However, there are several reasons to believe that this is not a major factor in interpreting our results. First, all patients had severe pulmonary edema requiring mechanical ventilation, yet not so severe as to preclude a minimal level of life-sustaining oxygenation. This limits to some degree the possible range for the volume of pulmonary edema. Second, indexes of lung edema, such as initial oxygenation or the initial LIS, did not differentiate between patients with intact or impaired alveolar fluid clearance (Table 2) . Third, the rate of clearance, expressed as the percentage of total edema cleared per hour, correlated well with other physiological indexes of the resolution of pulmonary edema, such as improvement in oxygenation (Table 6) . For these reasons, we believe that the method used to calculated the rate of alveolar fluid clearance has value, particularly when employed in the context of clinically relevant physiological indexes.
A second possible limitation of the method used to measure alveolar fluid clearance is that sampling of pulmonary edema fluid is done in a blind fashion, and serial samples could originate from different parts of the lung. Although this is a theoretical concern, radiographic studies have shown that the sampling catheter goes to the right lower lobe 90% of the time. Furthermore, when serial edema fluid samples were taken at intervals of only 1 or 2 min in a small subset of patients, similar protein concentrations were measured.
Comparison of human alveolar fluid clearance with that in other species. The present study allows a preliminary comparison of maximal rates of alveolar fluid clearance measured in humans with hydrostatic pulmonary edema with maximal rates measured in other species. However, it should be noted, as discussed above, that the method used to calculate clearance in human patients differs slightly from that used in animal studies. Maximal alveolar fluid clearance in humans, as approximated in this study, was 25 Ϯ 12%/h in the 38% of patients with maximal clearance. This rapid clearance is in a range similar to the published maximally stimulated rates for rats (35 Ϯ 8%/h) and mice (48 Ϯ 5%/h) but much higher than those reported in larger animals such as dogs (6 Ϯ 2%/h), sheep (13 Ϯ 4%/h), and rabbits (13 Ϯ 4%/h) (5, 6, 30, 44, 56) . This finding lends validity to the use of rats and mice for investigations of alveolar fluid clearance. The possibility of expanded use of mice to study alveolar epithelial fluid transport is particularly important given the availability of murine transgenic models (25) .
In addition to providing the first characterization of alveolar fluid clearance in a large patient population with intact alveolar epithelium, this study also provides a well-characterized control population for future studies of alveolar fluid clearance in human acute lung injury. For obvious reasons, pulmonary edema fluid cannot be collected from normal control patients; this large group of hydrostatic pulmonary edema patients provides an ideal control group, with an LIS comparable to those in patients with acute lung injury (61) and a relatively high SAPS II indicative of a high severity of illness.
Contribution of endogenous catecholamines. The second objective of this study was to investigate the role of catecholamines in upregulating alveolar fluid clearance in humans. Endogenous epinephrine has been shown to upregulate alveolar fluid clearance under several experimental conditions, including hypovolemic and septic shock in rats (41, 49) , neurogenic pulmonary edema in dogs (32) , fetal lung fluid clearance in newborn guinea pigs (20) , and moderate left atrial hypertension in sheep (9) . Furthermore, increased levels of circulating catecholamines have been widely reported in both acute myocardial infarction and congestive heart failure (46, 52). We therefore hypothesized that endogenous epinephrine might play an important role in upregulating alveolar fluid clearance in humans with hydrostatic pulmonary edema. However, although plasma epinephrine concentrations were Ͼ300 pg/ml in 73% of patients (twice the level of normal control subjects), there was no correlation between plasma epinephrine levels and the rate of alveolar fluid clearance (Fig. 3) . In fact, the highest plasma epinephrine concentration (19,170 pg/ml) was measured in a patient with no net alveolar fluid clearance, and two of the patients with maximal alveolar fluid clearance had normal plasma epinephrine levels. Why did endogenous epinephrine levels fail to correlate with alveolar fluid clearance? A recent experimental study in rats with sustained hypovolemic shock reported that production of oxidants prevented the normal upregulation of alveolar fluid clearance by ␤-agonists (40) . Oxidant production may also be an important modulator in humans with hydrostatic pulmonary edema, particularly those with shock, as discussed later. Thus, although these results do not definitively exclude a contribution of endogenous catecholamines to regulation of human in vivo alveolar fluid clearance, other mechanisms must also play an important role in both the upregulation and downregulation of alveolar fluid clearance in the clinical setting.
Exogenous catecholamines. The potential for exogenous catecholamines to stimulate alveolar fluid clearance in patients with pulmonary edema has particular clinical relevance because both intravenous and inhaled ␤-agonists are already in wide clinical use for other purposes. A number of experimental studies have shown that exogenous ␤ 2 -agonists, including terbutaline, salmeterol, epinephrine, and dobutamine, can stimulate alveolar fluid clearance (5, 6, 13, 35, 53, 59) . In the present study, there was no correlation between intravenously administered dobutamine and alveolar fluid clearance. An inhaled ␤-agonist (albuterol) was administered to only 20% of the patients (n ϭ 13). Interestingly, twice as many patients in the group with intact alveolar fluid clearance received the ␤-agonist as in the group with no alveolar fluid clearance, and the administration of aerosolized ␤-agonist therapy had an 85% positive predictive value for the preservation of alveolar fluid clearance. However, given the small number of patients who received albuterol, these differences did not reach statistical significance. A power calculation showed that the study had a power of only 0.10 to detect the difference observed. When exogenous ␤-agonists were considered in conjunction with endogenous levels of epinephrine, there was still no correlation with alveolar fluid clearance. A randomized clinical trial of inhaled ␤-agonists will be required to definitively test the hypothesis that inhaled ␤-agonists may stimulate alveolar fluid clearance in the resolution phase of hydrostatic pulmonary edema. Furthermore, on the basis of experimental data in the sheep and the ex vivo human lung (9, 53), a lipophilic ␤-agonist such as salmeterol might have more benefit than the nonlipophilic ␤-agonist albuterol, which the patients in this study received.
Role of catecholamine-independent mechanisms in alveolar fluid clearance. The lack of correlation between alveolar fluid clearance and either endogenous or exogenous catecholamines suggests that other catecholamine-independent mechanisms may be important in both the stimulation and inhibition of alveolar fluid clearance. A number of other pharmacological agents in addition to ␤-agonists have been found to enhance alveolar fluid clearance, including glucocorticoids (21) and dopamine (3) . Both of these agents act by non-␤-agonist mechanisms. However, neither was associated with a significant increase in alveolar fluid clearance in the study population. Similarly, neither the administration of furosemide, a blocker of NaCl cotransport, nor a variety of antiarrhythmics affected alveolar fluid clearance. However, digoxin, a ouabain derivative, was significantly associated with intact alveolar fluid clearance. This finding was unexpected because studies of both acute and chronic administration of digoxin in patients with chronic heart failure have reported that digoxin downregulates circulating catecholamines. A drop in catecholamine levels might be expected to diminish alveolar fluid clearance (19, 31) . Furthermore, ouabain is known to inhibit Na ϩ -K ϩ -ATPase activity, the major mechanism for sodium transport across the basolateral membrane of alveolar epithelial type II cells (49) . However, it seems likely that the levels of digoxin administered clinically are insufficient to block the alveolar epithelial Na ϩ -K ϩ -ATPase. In prior sheep studies levels of ouabain that could inhibit alveolar fluid clearance uniformly caused fatal arrhythmias (55, 57) . In fact, the finding that digoxin administration was associated with intact rather than impaired alveolar fluid clearance provides reassurance that clinical administration of digoxin does not inhibit alveolar fluid clearance. Further analysis revealed that 9 of the 11 patients who received digoxin had chronic congestive heart failure; as discussed below, this appears to be the most likely explanation for the observed association of digoxin with intact alveolar fluid clearance, rather than a direct pharmacological effect.
Overall, the subgroup of patients with an acute exacerbation of chronic congestive heart failure tended to have higher rates of alveolar fluid clearance than those with a more acute cause of hydrostatic pulmonary edema, such as acute myocardial infarction or acute volume overload (Table 2 ). This finding was not related to left ventricular ejection fraction or levels of central venous or left atrial pressure. There are several mechanisms by which chronically elevated left ventricular pressure could upregulate alveolar fluid clearance. First, patients with chronic congestive heart failure have been shown to have high levels of circulating catecholamines (46) . However, endogenous catecholamines were not independently associated with alveolar fluid clearance in the present study. Second, levels of circulating TNF-␣, a cytokine that has been shown to upregulate alveolar fluid clearance experimentally (50) , are elevated in patients with chronic congestive heart failure (16, 34) . Although TNF-␣ was not measured in this study, a previous investigation has detected TNF-␣ in the pulmonary edema fluid of patients with hydrostatic pulmonary edema (37) , providing evidence that the proinflammatory cytokine TNF-␣ may be present in the alveolar compartment even in the setting of pure hydrostatic pulmonary edema. A third mechanism is alveolar epithelial type II cell proliferation, which has been shown to upregulate alveolar fluid clearance in several experimental models (22, 62) . Interestingly, alveolar epithelial type II cell hyperplasia has been reported in an ultrastructural study of lung tissue from patients with chronic congestive heart failure (2). Furthermore, a recent study found detectable levels of potent alveolar type II cell mitogens, hepatocyte and keratinocyte growth factors, in the pulmonary edema fluid of patients with hydrostatic pulmonary edema (61) . Finally, histological studies of lung biopsy tissue from patients with chronically elevated left atrial pressure have shown dilated lymphatics (28) . Enhanced fluid clearance by the lymphatics from the interstitium could both inhibit the formation of alveolar edema and promote alveolar fluid clearance by removing transported edema fluid from the lung interstitium more rapidly.
An additional catecholamine-independent mechanism that could downregulate alveolar fluid clearance is the production of atrial natriuretic factor. Atrial natriuretic factor decreased alveolar epithelial sodium transport in vitro (9) and in an isolated perfused rat lung model (45) . We did not measure atrial natriuretic factor in these studies. However, the levels of atrial natriuretic factor measured in a recent study of acute moderate left atrial hypertension in sheep were at least one order of magnitude below the levels needed for an in vitro effect in cultured alveolar type II cells (9) .
Effect of hemodynamics and mechanical ventilation on alveolar fluid clearance. Although the number of patients in the study with invasive hemodynamic monitoring was relatively small, several conclusions can be drawn. An important question, previously addressed only in one animal study, is whether the presence of moderate left atrial hypertension would reduce the rate of alveolar fluid clearance. One might postulate that left atrial hypertension, by increasing net transvascular fluid flux, would lead to a decrease in net alveolar fluid clearance. However, alveolar fluid clearance in sheep was unchanged in the setting of moderate left atrial hypertension (9) . The present study extends this finding to humans. Of the patients with PAWP Ͼ18 mmHg during the time of pulmonary edema fluid sampling, 7 of 9, or 78%, had intact alveolar fluid clearance. Thus, in humans, as was reported in sheep, moderately elevated left atrial pressure was not found to decrease alveolar fluid clearance. In addition, a decline in PAWP or CVP was not predictive of the presence or absence of alveolar fluid clearance (Table  5) . Finally, left ventricular ejection fraction, a measure of left ventricular function, was not associated with impaired or intact alveolar fluid clearance (Table 5 ).
In patients with hydrostatic pulmonary edema, mechanical ventilation could have either beneficial or detrimental effects on alveolar fluid clearance. Beneficial effects of positive pressure ventilation that might indirectly increase alveolar fluid clearance include decreased preload and afterload and decreased myocardial oxygen consumption due to decreased work of breathing (7) . These factors could reduce the formation of pulmonary edema and thus promote net alveolar fluid clearance. There is no experimental evidence that positive pressure ventilation itself hastens alveolar fluid clearance beyond the indirect physiological changes described above. Experimentally, mechanical ventilation at high tidal volumes can promote lung injury (60); injury to the alveolar epithelium might impair alveolar fluid clearance (39) . In addition, high levels of PEEP may raise CVP, inhibiting lung lymphatic drainage from the interstitium and thereby limiting alveolar fluid clearance. In this study, no difference in levels of PEEP or tidal volume per kilogram was found between patients with intact and impaired alveolar fluid clearance (Fig. 4) . Thus there is no evidence to suggest that mechanical ventilation had a major impact on the rate of alveolar fluid clearance in the absence of lung injury.
Effect of pH and SAPS II on alveolar fluid clearance. Although alveolar fluid clearance was intact in the majority of patients in this study, 25% of the patients had no net alveolar fluid clearance in the first 4 h after endotracheal intubation. This impairment of alveolar fluid clearance was not explained by hemodynamic factors or cardiovascular function. However, two factors were significantly associated with impaired alveolar fluid clearance: arterial pH and SAPS II. Arterial pH at the time of initial edema fluid sampling was significantly lower (7.21 Ϯ 0.2) in the patients with no alveolar fluid clearance compared with those with intact clearance (7.31 Ϯ 0.1). It seems unlikely that low pH, in and of itself, directly inhibited alveolar epithelial fluid transport. In an in situ, nonperfused sheep model, alveolar fluid clearance was rapid despite a pH of Ͻ7.0 (55). A more plausible explanation is that low arterial pH was a marker of shock. Interestingly, in a rat model of hypovolemic shock, neither endogenous nor exogenous ␤-agonists produced the expected increase in alveolar fluid clearance (40) . However, pretreatment with antioxidants restored the normal response to ␤-agonist stimulation. Furthermore, in vitro, the production of oxidants decreased sodium uptake by alveolar epithelial type II cells and decreased the function of the apical epithelial sodium channel (29, 36) . Thus the lower arterial pH in the patients with impaired alveolar fluid clearance may be a marker of oxidantmediated decrease in alveolar fluid clearance. Interestingly, nitrate and nitrite, markers of oxidant production, have recently been reported in the pulmonary edema fluid of patients with hydrostatic pulmonary edema, suggesting that oxidant production may occur even in the absence of overt lung injury (64) . The association of a higher SAPS II value with impaired alveolar fluid clearance may also be a marker of more severe shock. Several components of the SAPS II relate directly to systemic perfusion, including heart rate, blood pressure, urine output, blood urea nitrogen, and serum bicarbonate.
Mortality, duration of mechanical ventilation, and oxygenation. Intact alveolar fluid clearance was associated with significantly improved oxygenation at 24 h compared with the patients with impaired clearance. There was also a strong trend toward shorter duration of mechanical ventilation in the group with intact clearance, with a median number of days of unassisted ventilation of 23 vs. 8 days in the patients with impaired alveolar fluid clearance. These findings suggest that intact alveolar fluid clearance is critical to recovery from hydrostatic pulmonary edema. Interestingly, there was even a trend toward a decrease in hospital mortality in the patients with intact alveolar fluid clearance, with 18% lower mortality in the group with intact alveolar fluid clearance. However, it seems unlikely that alveolar fluid clearance was the primary determinant of mortality, particularly because the severity of illness, as measured by SAPS II, was significantly higher in the group of patients with impaired alveolar fluid clearance. Nevertheless, the observed association of both improved pulmonary outcomes and the trend toward decreased mortality with intact alveolar fluid clearance emphasizes the critical role the alveolar epithelium plays in the resolution of pulmonary edema.
Conclusions. In conclusion, there were several novel findings in this study of alveolar fluid clearance in severe hydrostatic pulmonary edema. First, this study demonstrates that techniques for measuring alveolar fluid clearance can be applied to a large number of critically ill patients. Despite severe alveolar flooding in these patients, alveolar fluid clearance was intact in the majority (75%) of patients. Several factors were identified that may regulate clinical alveolar fluid clearance. Although endogenous epinephrine levels were not associated with the rate of alveolar fluid clearance, administration of an inhaled ␤-agonist had an 85% positive predictive value for intact alveolar fluid clearance. Chronic congestive heart failure also was associated with more rapid alveolar fluid clearance. Impaired alveolar fluid clearance was associated with a lower arterial pH and a higher severity of illness as measured by SAPS II. Finally, intact alveolar fluid clearance was associated with improved physiological and clinical outcomes. The critical importance of alveolar fluid clearance to the resolution of hydrostatic pulmonary edema emphasizes the need for further studies in humans to better define the mechanisms that modulate alveolar fluid clearance in critically ill patients.
